The 1998 Coastal Turbidity Plumein Lake Michigan
David J. Schwab', Dmitry Beletsky®, and Jing L ou’

Submitted to Estuarine, Coastal and Shelf Science
November, 1998
Revised March, 1999

'NOAA Grea L akes Environmental Research Laboratory, 2205Commonwedth Blvd., Ann
Arbor, M1, 48105,USA

Department of Naval Architedure and Marine Engineaing, University of Michigan;
Cooperative Institute for Limnology and Ecosystems Reseach/NOAA Grea Lakes
Environmental Reseach Laboratory and University of Michigan, Ann Arbor, MI, 48105,
USA

Running Hea: Lake Michigan Turbidity Plume

Keywords: Sediment Transport, Numericd Model, Coastal Currents, Wind Waves, Visualizaion



Abstract

In this paper, we goply numericd models of coastal circulation, wind-waves, and sediment
transport to the March 1998turbidity plume event in Lake Michigan to investigate the role of
wind-induced circulation in the off shore transport of sedimentary material in Lake Michigan.
Computer visuali zaionis used to compare mode resultsto the evidence of crossisobath transport
suggested in satellit eimagery. Moddl results showed that circulationin Lake Michigan is highly
episodic sinceit isamost entirely wind-driven in ealy spring. The charaderistic wind-driven
circulation pettern in the lake ansists of two courter-rotating gyres, a ourterclockwise-rotating
gyreto theright of the wind, and a dockwise-rotating gyre to the left. The gyres are separated by
a onwvergence one dongthe downwind shore with resulting dfshore flow and a divergence one
alongthe upwind shore with orshore flow. Thistwo-gyre drculation pettern with off shore flow
was very clealy seen duinganortherly wind event in March in southern Lake Michigan. The
strongest sediment resuspension accurred in the southern lake and the shall ow waters alongthe
coastline. Thisisbecause of the larger waves in southern Lake Michigan due to the dominant
northerly windin thisealy spring period. The two most significant sediment resuspension events
were deteded in the model results during the two storm events. Althoughresults from the
sediment transport model agreequalitatively with satellit e imagery, they fail to simulate the initi al
eddy-like structure of the plume. Visualizaionis iown to be an effedive tod for interpreting
the complex turbidity patternsin the satellit e imagery of the turbidity plume.

Introduction

In the North American Grea Lakes, aswell asin the mastal ocean, the gradients of many
biogeochemicadly important materials (BIMs) are considerably higher in the off shore diredion
than in the longshore diredion (Brink et a., 1992 Scavia & Bennett, 198Q. In the presence of
these large gradients, crossisobath circulationis a primary mechanism for the exchange of
material between neashore and dfshore waters. Both the alongshore and crossisobath
comporents of the aurrent exhibit strong episodic behavior due to wind forcing. As oppased to
alongshore transport, the advedive and dff usive medianisms driving crossshore transport and
the time sca es over which they operate have nat been extensively studied. A necessary stepin

understanding cross-shore transport of BIMs is to identify and quantify the physicd processes that



areresporsible for the neashore-off shore water massand material exchange. To thisend, a
multi disciplinary reseach program jointly sporsored by NOAA (National Oceanic and
Atmospheric Administration) and NSF (National Science Foundition) was recently initiated to
study the reaurrent turbidity plume in southern Lake Michigan (http://www.glerl.ncaagovieeayle).

In the cntext of neashore-off shore transport, the Grea L akes present somewhat diff erent
chall enges than the @ntinental shelf. Althoughmany of the physicd processes resporsible for
the movement of material from the mastline toward degper waters are similar in bah
environments, the fad that the lakes are fully enclosed byland hes sgnificant consequences.
When material istransported dff shorein the Gred Lakes, it can only be removed from the system
by permanent buria in the sediments or removal throughan ouflow. Thisisin contrast to the
continental shelf where transport acossthe shelf breg to the degp ocean can aso be mnsidered a
removal medanism. The physicd medanisms for crossshelf transport are similar, and in some
casesidenticd, to the processs that control neashore-off shore transport in the lakes, but thereis
no analogue in the lakes for exchange with the degp ocean aaossthe shelf bre&k.

Recent satellit e observations of suspended sedimentary material in Lake Michigan (Eadie &
al., 1996 offer aunique oppatunity to investigate areaurrent episode of crossisobath transport.
A 10 km wide plume of resuspended materia extending owver 100 km alongthe southern shore of
the lake was first observed in satellit e imagery by Mortimer (1988, and hes snce been olserved
every spring since 1992,when satellit e imagery for the Grea Lakes regionfirst becane avail able
onaroutine basis throughthe NOAA CoastWatch program (Schwab et al., 1993. The
bathymetry and geometry of the Lake Michigan basin are shown in Figure 1. The resuspension
plume of March 1998was one of the largest events of record. Satellit e observations (Figure 2)
reved awell developed pume extending ower 300 km of coastline from Milwaukee WI (station
MKE in Figure 1) to Muskegon, M| (station MKG in Figure 1) with several dominant off shore
feaures originating from the southeastern shoreline. The plume originated aroundMarch 10
following several days of intense stormsthat produced 17m/s northerly winds and generated
waves in the basin over 5 m high. Remnants of the plume feaure were still observable by satellit e
6 weekslater. Our current understandingisthat the initiation o the plumeis caused by a major
storm with strong natherly winds generating large waves in southern Lake Michigan. The plume

appeas alongthe entire southern coastli ne of the lake. It occasionaly vees off shore dongthe



eastern shore of the lake, coincidentally nea the aeas of highest measured long-term sediment
acamulationin the lake (Figure 3). The off shore structure of the turbidity plume often resembles
the structure of cold water filaments sen in thermal imagery of the California Current by Strub et
a. (1997 and ahers.

Considerable progresshas recently been made in developing two and threedimensional
circulation models for the Grea Lakes. Numericd hydrodyrnamic models are now ableto
simulate large scde drculationin the lakes with reasonable acaragy (Schwab and Bedford, 1994,
Beletsky et al., 1997. It ispossbleto resolve kilometer scae variability in current and
temperature fields with high resolution versions of these models. In addition, a parametric surface
wind wave model developed by Schwab et a. (1984 is avail able for modeling waves at these
same scaes. Thismodel has been shown to provide excdlent estimates of wave height and wave
diredionfor fetch-limited wavesin several applicaionsto the Grea Lakes (Liu et a., 1984,
Schwab and Beletsky, 1998. Furthermore, aquasi-3D suspended sediment transport model
developed by Louet a. (1998 has recently been couded with the drculation and wind wave
modelsto provide estimates of suspended sediment concentration at similar resolutions. Inthis
paper, we gply the drculation, wind-wave, and sediment transport models to the March, 1998
turbidity plume event in Lake Michigan to investigate the role of wind-induced circulationin the
off shore transport of sedimentary material in Lake Michigan. Computer visualizaionis used to

compare model results to the evidence of crossisobath transport suggested in satellit e imagery.

Wave M odel
The wave model is anumericd finite-diff erence solution to the two-dimensional wave
momentum conservation equation. The wave energy spedrum is parameterized at ead pant ona
redili nea computational grid in terms of total wave energy, peek energy period, and predominant
wave diredion. The momentum balance ejuationis
oM
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where V isthe horizontal gradient operator, and M and v, are the total momentum vedor and the
correspondng goup \elocity vedor, andt, is that part of the momentum input from the wind that
produces net wave momentum growth. The diredional wave energy spedrum is assumed to have
a osine-squared anguar dependence @ou a single dominant mean wave diredionwhichis
independent of frequency.

Momentum input from the wind consists of two comporents, ore (z,) paral el to thewind
vedor and the other (z,) paral €l to the wave momentum vedor, i.e.,

T, =1 tr7,

The scdar values of the two comporents as siggested by Donelan (1979 are:

n:%paol |U -0.83¢,cos, | (U -0.83¢,cosd,)

TZ:% p.D, |Ucosd, -0.83¢, | (Ucosd, - 0.83c,)

where ¢, is the wave phase velocity, p, isthe ar density, U isthe 10 m wind speed, 6, isthe ange
between the wind and the waves, y (= 0.028 isthe enpiricd fradion d the wind stressthat is

retained by the waves, and D, and D, are form drag coefficients given by

D,=[0.4/1n (50/£ cosd,) I
D,=[0.4/In (50/&) )7

where & isthe root mean square surface éevation (in meters). Both 7, and 7, may be positive,
indicaing wave growth, a negative, indicaing wave decy.

To solve the momentum balance ejuation we use an empiricd relationship between wave
momentum and wave height derived from JONSWAP relations (Hasselman et al., 1973 linking
£2 with peek energy frequency, f., and mean wind U:
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The model isthus semi-empirica and parametric. A simple numericad integration scheme can
then be goplied to the momentum balance euation. Forward time diff erences are used to
cdculate the momentum comporents at the center of the grid squares, and a combination o
upwind and centered dff erences are used to evaluate the momentum advedion terms at the edges
of the grid squares. Model output at ead grid pant consists of significant wave height (defined
by H,, = 4¢£), pe&k- energy wave period and average wave diredion.

The model isapplied ona2 km redili nea grid covering Lake Michigan. Output from the 2
km wave model (wave height and wave period) is used to estimate bottom shea stressin the

sediment transport model described below.

Hydrodynamic model

A 3-dimensional circulation model for the Grea Lakes (Schwab and Beletsky, 1998 is used
to cdculate lake drculation. The mode is based onthe Princeton Ocean Model (Blumberg and
Méllor, 1987 andis anonlinea, fully threedimensional, primitive equation, finite difference
model. The modd is hydrostatic and Boussnesq so that density variations are negleded except
where they are multiplied by gavity in the buoyancy force The model uses time-dependent wind
stressand hed flux forcing at the surface zero hed flux at the bottom, freedlip lateral boundary
conditions, and guedratic bottom friction. The drag coefficient in the bottom friction formulation
is gatialy variable. It is cdculated based onthe assumption d alogarithmic bottom boundary
layer using a mnstant bottom roughressof 1 cm.

To simplify the discusson d model physics, we present the dynamicd equations in Cartesian
coordinates. The velocity comporents (u,v,w) arein the (x,y,2) diredions. The masscontinuity
equationis

ow
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where V= (u,v) isthe horizontal velocity. The horizontal momentum equations are
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where p isdensity, p ispresaure, f is the Coriolis parameter, and A, and K, are the horizontal and
verticd momentum eddy viscosities, respedively. The Eulerian derivatives at apoint are the
result of the horizontal and verticd velocity advedions, harizontal presaure gradient force,
Coriolisforce and haizontal and verticd momentum diffusion. Horizontal diffusionis
cdculated with a Smagorinsky eddy parameterizaion (with amultiplier of 0.1) to gve agreder
mixing coefficient nea strong haizontal gradients.

The Princeton Ocear Model employs aterrain following wverticd coordinate system (c-
coordinate) which replaces the verticd coordinate, z, with anormalized verticd coordinate, o = (z
-n) / (d+ n), whered isthelocd depth, and 7 isthe freesurface ¢éevation. The alvantage of this
system is that in the transformed coordinate system, the bottom corresponds to a uniform value of
the verticd coordinate (o = -1), thus smplifying the governing transport and continuity equations.
The hydrodyramic model of Lake Michigan has 20 verticd levels and auniform horizontal grid
sizeof 2 km.

The equations are written in flux form, and the finite differencing is dore on an Arakawa-C
grid using a @ntrol volume formalism. The finite diff erencing schemeis wnd ader and
centered in space adtime (legfrog). The model includesthe Méellor and Y amada (1982 level
2.5turbulence dosure parameterization for cdculating the vertica mixing coefficients for
momentum, K ,, and hed, K, from the variables describing the flow regime.

The output from the lake drculation model is used to provide estimates of horizontal
advedion and bdtom shea stressfor the sediment resuspension and transport model. In addition,
the turbulence dosure scheme in the arculation model can provide estimates of physicd

dispersion coefficients for water quality and toxics models.



Suspended Sediment Transport M odel

The suspended sediment transport model is aquasi-3D model based onan asymptotic solution
for uniform flow to the mnvedion-diffusion equation as described by Galappatti and Vreugdenhil
(1985. In the present model, this approad hes been developed into more complicaed flow fields
and generalized to the combined wave-current situations.

The suspended particles are assumed to be so small that their motions relative to ambient fluid
fall i nto Stokes range. The basic equation describing massconservation d suspended sediment in
aturbulent flow can be expressed as.

6c+ oc oc (w— S)ac_ 0 oc oc, 0

8
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wheree,, €, €, are sediment particle diffusion coefficientsin the x, y, z diredions for the cmbined
motion o waves and currents, and c(X,y,zt) is the suspended sediment concentration.

The wave dfed istaken into acount by assuming an analogy o mixing profile onawave-
averaged and turbulence-averaged scde and the modified eddy viscosity coefficient (Van Rijn,
1985, aswell as by introducing an enhanced batom shea stress(Lou and Ridd, 1996. In cases
where suspended load is the main mode of sediment transport, an asymptotic solution d the
convedion-diffusion equationis presented. The verticd concentration structure has been shown
to depend orly onthe verticd velocity profile and the mixing coefficient, and thus can be
cdculated in advance (Lou, 1995. As aresult, the threedimensional concentration groblem is
separated into two parts. atwo-dimensional depth-averaged sediment concentration model and
verticd concentration profiles being solved in advance

The battom shea stresses required by the sediment transport model for bottom boundary
condtionwere caculated by abaottom boundiry layer model. The dfed of norlinea wave-
current interadion onthe bottom shea stresswas obtained based onthe cncept of Grant and
Madsen (1979 in an iterative form (Lou and Ridd, 1997.

A threelayer wave-induced dffusion coefficient (Van Rijn, 198§ was proposed in the

sediment concentration model. The sediment mixing coefficient due to the cmbination o waves



and current is assumed to be given by the sum of the squares of the arrent-related (¢, ) and wave-
related (e,,) values:
£o= gt saw

The airrent-related turbulent eddy coefficient &, is cdculated numericaly from the 3D
circulation model.

The bottom boundary condtions in the sediment transport model were evaluated at areference
water-sediment interfacelevel z=a. The upward flux of suspended sediment at this referencelevel
can be given by:

F.= ws(E, —C, cosp)
where, c, isthe nea bed concentration d suspended sediment, w.c,cosé is the deposition rate per
unit bed areadue to the fall velocity w,, and E_is adimensionlesscoefficient describing the
entrainment of bottom sediment into suspension dte to turbulence

A similar entrainment coefficient described by Garcia and Parker (1991 was adopted in our

study as foll ows:

where

Aisa onstant (= 1.3x 10"), sisthe spedfic density, u'. isthe bottom shea velocity, D, isthe
charaderistic sizeof sediment, and v is the kinetic viscosity.
The suspended sediment concentration at reference level z=a abowve the bed is expressed as

(Van Rijn, 1989:
15
.= 0.015%%
a D~
where
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7, isthe dfedive bed shea stressunder combined waves and current, and z, . the time-averaged
Shields criticd shea stress

To reducenumericd dispersion, the seaond ader upwind dff erence scheme has been applied
to the horizontal advedionterms. A hybrid Crank-Nicolsonand ADI solution schemeis
developed to cdculate the mncentration results. In the model applicationto Lake Michigan, a
uniform 2 km horizontal grid mesh, 20 \erticd layers, and a staggered C-grid arrangement were
employed for the sediment transport model, which are compatible with the drculation and wind

wave model's mentioned above.

Forcing functions

To cdculate momentum flux fields over the water surfacefor the lake arculation and wave
models, it is necessary to estimate wind and air temperature fields at model grid pants.
Meteorologicd datawere obtained from 12 National Weaher Service stations aroundL ake
Michigan (Figure1). These observations form the basis for generating gridded overwater wind
and air temperature fields.

Overland wind speeds generally underestimate overwater values becaise of the marked
transition from higher agodyramic roughressover land to much lower agodyramic roughress
over water. Thistransition can be very abrupt so that wind speels reported at coastal stations are
often na representative of condtions only afew kil ometers off shore. Schwab and Morton (1984
foundthat wind speeads from overland stations could be aljusted by empiricd methodsto oltain
fair agreement with overlake wind speals measured from an array of meteorologicd buoysin
Lake Erie. For meteorologica stations that are more representative of overland than overwater
condtions, namely all stations except SGNW3 in Figure 1, we gply the empiricd overland-
overlake wind speed adjustment from Resio and Vincent (1977).

To interpolate meteorologicd data observed at irregular pointsin time and spaceto aregular
grid so that it can be used for input into numericd wave, sediment transport, and circulation
models, some type of objedive anaysis tedhnique must be used. For this sudy we used the
neaest-neighba tedhnique, with the aldition d aspatial smoaothing step (with a spedfied
smoathing radius). In the neaest neighba tedhnique, we dso consider observations from upto

threehours before the interpaation time to threehous after the interpolationtime. In the nearest-
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neighba distance caculations, the distancefrom agrid pant to these observation pantsis
increased by the product of the time diff erence multi plied by a scding speed. The interpolation
scding speal istaken as 10 km/hr. Interpdation smoaothing dstanceis 30 km. We foundthat the
neaest-neighba tedhnique provided results comparable to results from the inverse power law or

negative exporential weighing functions discussed in Schwab (1989.

Results

Hourly meteorologicd datafrom the 12 stations hown in Figure 1 were obtained for the
period 1- 30 March, 1998. Overwater wind and air temperature fields were interpolated to the 2
km grid. Time series of wind spead and dredion from apaint in the midde of the southern basin
(Figure 1) are shown in Figure 4. There ae four magjor wind eventsin March, two storms with
northerly winds (onthe 9" and 2£) and two with southerly winds (onthe 13" and 27). Inealy
spring, the lake is thermally homogeneous and density gradients are negligible. Therefore, the
circulation model was applied in abarotropic mode with unform (2°C) water temperature. The
wave model was used to compute houly values of wave height, wave period, and wave diredion,
from which wave-induced batom orbital velocity was cdculated. The evolution d the computed
wave height field for the 30 day simulation periodisill ustrated in Animation 1. Time series of
wave model results for wave height, period, and dredionat a point in the midde of the southern
basin (Figure 1) are presented in Figure 4. The largest wave heights in the southern basin occur
during the storms with natherly winds which provide the longest overwater fetch dstance The
circulation model computed houly values of horizontal currents and dspersion coefficients. The
suspended sediment transport model then was used to simulate suspended sediment concentration
during this period.

The computed circulationisill ustrated throughthe use of a computer animationin Animation
2. The animation depicts the trgjedories of passve trace particles which were introduced into the
computed depth-averaged velocity field on 1March and are traced throughthe 30 day
computational period. The mean wind vedor isaso shown. Particle trajedories are omputed
using the technique developed by Bennett et a. (1983 and Bennett and Clites (1987). This
tedhnique includes amethodfor interpdating the cmputed velocity field from velocity pantson

the computational grid to the particle locations, which minimizes colli sions of the particles with
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the shoreline. Particles areinitialy locaed in the center of every third grid cdl. In order to more
clealy ill ustrate the dfed of lake drculation oncrossisobath transport, particlesinitially placed
in cdlswith depth lessthan 30m are mlored arange in the animation.

In the animation we use anew visual tedhnique to enhancethe perception d fluid motion.
Particle locaions at ead time step are depicted byabright spot. Previous locations of that
particle for the last 48 hous are dso depicted as Pats of diminishingintensity. The visua effed
isthat of a‘tail’ onead particle whose length indicaes the particle' s geal and whose position
indicaes a history of the particle’ srecent locations. Thistechniqueisalso useful for producing a
‘snapshot’ of currents at asingle time which aso gvesan indicaion d current magnitude and
diredion ower the previous 48 hous.

Thetime evolution d the modeled surfacesuspended sediment concentrationin Lake
Michigan is depicted in Animation 3. The model started from zero concentration ower the whole
lake astheinitial condtion on 1IMarch 1998.The dominant sediment particle sizeis assumed to
be 15 microns, the settling welocity is st to 0.5m/day, the aiticd bottom shea stressis 0.05
N/m’, and the bottom of the lake is treated as an urlimited sediment source. The animation shows
color contour maps of surfacesuspended sediment concentration at 3 hr intervals. It ill ustrates the
hydrodyramic &feds on sediment resuspension and transport resulting from the interadions
among sediment, topogaphy, circulation, and wind waves in Lake Michigan.

A simple estimation d sediment erosion and deposition is made based onthe sediment
transport resultsin March, 1998 with the purpose of highlighting the hydrodyrnamic &fedson
sediment redistribution in the lake. During the murse of model simulation, the sediment layer
thicknesschanges with sediment erosion from the bottom or depasition from the water column.
The e@osion and deposition areas were determined by comparing the final sediment layer
thicknesswith the initial thickness The net change in bed thicknessresulting from the March,

1998simulationisgivenin Figure 7.

Discussion
Mode results showed that circulationin Lake Michigan is highly episodic sinceit is almost
entirely wind-driven in ealy spring. The charaderistic wind-driven circulation pettern in alake

consists of two courter-rotating gyres. a murterclockwise-rotating (cyclonic) gyre to the right of
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the wind and a dockwise-rotating (anticyclonic) gyreto the left (Bennett, 1974. The gyres are
separated by a wmnvergence one dongthe downwind shore with resulting dfshore flow and a
divergence one dongthe upwind shore with orshore flow. Thistwo-gyre drculation pettern was
very clealy seen duingsevera wind eventsin March in southern Lake Michigan (Animation 2
and Figure 5). Thefirst storm with natherly windsupto 17m/sonMarch 9 caused strongalong
shore southerly currents that converged nea Benton Harbor, Michigan (station BEH in Figure 1)
and caused massve off shore flow lasting several days. The seaond natherly storm on March 21
also produced atwo-gyre drculation pettern in southern Lake Michigan, bu with a gsclonic gyre
which was more prominent than the anticyclonic gyre. Finaly, southerly winds onMarch 2627
creaed a “reversed” two-gyre drculation pettern with orshore flow nea Benton Harbor instead of
offshore flow. We were not able to reproduce the spedaaular spiral eddy olserved in the middle
of thelake on March 12(Figure 2) which is probably aresult of meandering d the strong dfshore
jet.

Sediment concentration results showed that at least some suspended sediment was present
during most days of March 1998(Figure 6 and Animation 3. The strongest sediment
resuspension mainly occurred in the southern lake and the shall ow waters nea the astline. This
iscaused bythe larger waves in southern Lake Michigan due to the dominant northerly windin
thisealy spring period. The two most significant sediment resuspension events were deteded in
the model resultson 912 March and 2022 March, which coincide with the strongest northerly
windsas hownin Figure 4.

The first storm caused strong sediment resuspension (with concentration values above 10
mg/l) in coastal areas within the 30 meter isobath after March 8 (Animation 3. Large waves (over
5 m) wereresporsible for the locd resuspension aongthe wastline and mid-lake ridge aeg and
the strong currents determined the plume alvedion. The most significant adivity occurred along
the southern and southeastern shoreline during March 1012 and March 21-23. The sediment
model was not able to simulate the observed dff shore spiral eddy structure on March 12. The
secondresuspension event also occurred under northerly wind condtions on March 21.The
sediment concentration results showed a simil ar pattern bu with somewhat small er magnitudes.
Anather noticedle phenomenonin the model resultsis evidenceof high dfshore suspended

sediment concentration rea the southeastern corner of the lake during the 9-12 March storm, and
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asimilar pattern after March 21.From the drculation model results (Figure 5 and Animation 2), it
isclealy seen that this high dfshore sediment concentration coincided with strong df shore flow,
which may have moved the material from the mastal areato the deeper waters. Similar off shore
sediment transport was aso seen in previous plume events, with the off shore flow occurring at
dightly different sites alongthe southeastern shoreline depending onwind dredion. Sincethe
areaof high dfshore sediment concentration also coincides with an areaof strongcurrents, the
high sediment concentration in the model may also be caised bylocd resuspension rather than
advedion a diffusion.

As frown in Figure 7, et erosion duing the storm eventsin March, 1998, ccurred mainly
alongthe shoreline and depaosition accurred off shore. Overall, the deposition pettern duing this
event is smilar to the longterm sediment acaimulation map shown in Figure 3. Both show an
asymmetric pattern of sediment depasition, with maximum depasition cccurring mainly in the
eastern side of the lake in water depths of 50-100m. This asymmetric pattern was basicdly
establi shed after the first wind event and dd na change much duing the rest of the month, which
tends to suppat the hypahesis that the longterm sediment deposition pettern may be largely
determined by afew major storm events. The largest net deposition accurred in the southern and
southeastern part of the lake and aroundthe mid-lakeridge aea The net sediment acaimulation
in the southern lake is consistent with the darculation convergence one andits extension dfshore,
where the sediment particles suspended by the high erosion alongthe western and eastern shores
were probably transported bythe large off shore aurrents. The gredest erosion accurred alongthe
western shore and also in the mid-lakeridge aea Given that the bottom sediment dry buk
density is 1450 kgm’, the estimated total resuspended sediment massin March, 1998in Lake
Michigan was 7.53x10’ kg.

Thoughthe sediment transport model can depict the resuspension events reasonably well, it
was not able to describe the detailed plume structure, particularly the spiral eddyin the central
part of southern lake. Because the off shore structure of the sediment plume depends grondy on
the drculation petterns, we believe that inacairades in the hydrodyramic model results could
well be resporsible for the missng feaures. To study this unique processfurther, more

hydrodynamic and sediment transport studies are needed in the future. More experiments are
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underway to study effeds of windfield interpdation, gid resolution, and friction on

hydrodyramics and sediment dynamicsin Lake Michigan.
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Figure Legends

Figure 1. Geometry and bathymetry of Lake Michigan showing 2 km computational grid,
meteorologicd stations, and locaion d mid-lake stationin southern Lake Michigan.

Figure 2. Satellit e measurements of surfacerefledancein southern Lake Michigan.

Figure 3. Longterm sediment acaumulation in southern Lake Michigan (Foster and Colman,
1992. The fiveranges of sediment thicknessdepicted in the map are (from lightest to
darkest): 1-2m, 2-6 m, 6-10m, 10-14 m, and> 14 m. Labeled bathymetric contoursarein
meters.

Figure 4. Time series of interpolated wind and modeled waves at alocationin the center of
southern Lake Michigan for 1-30 March, 1998.

Figure 5. Snapshats of particle trgjedory animation at times correspondng to satellit e imagesin
Figure 2.

Figure 6. Snapshats of suspended sediment concentration animation at times correspondngto
satelliteimagesin Figure 2.

Figure 7. Net sediment erosion a depasition cdculated from the sediment transport model during
March, 1998. The pasitive values (red) represent deposition, and the negative values (blue)

show erosionin mm.

Animation 1. Modeled significant wave height in Lake Michigan for 1-30 March, 1998.

Animation 2. Modeled particle trajedoriesin Lake Michigan for 1-30 March, 1998.

Animation 3. Modeled surfacesuspended sediment concentration in Lake Michigan for 1-30
March, 1998.
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